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Abstract

During product development, many decisions have to be made that affect the entire product life cycle and
often lead to errors that cause additional effort. To proactively support the engineer in evaluating his design
in a CAD program, in this paper an approach to evaluate milling designs using a multi-agent system (MAS)
is presented. The CommonKADS method is used and the MAS is validated against an application example
of a gearbox housing that has been checked for design guidelines, standards, and tool or machine portfolios.
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1. Introduction

How can errors in product development be avoided, which are caused by lack of knowledge about the
manufacturing process or by oversight mistakes? A possible error in the design of milling components
can be that the tool run-out is forgotten for pockets or that the tool must be changed for the radius used
because it is not available in the standard magazine of the machine. These errors lead either to changes
in the design or additional costs in production. One possibility to eliminate these errors is the 4-eyes-
principle, where a second designer has to check the design again. This leads on the one hand to an
additional effort, where it is not guaranteed that all mistakes are found, and on the other hand the
designer also needs to know the complete process chain.

For this reason, in this paper, we take the approach of digitizing the 4-eyes-principle by proactively
supporting the designer in checking his design in the CAD program. To do so, we will analyze the 3D
product model using stored manufacturing knowledge and adjust the CAD model automatically.
Therefore, the sustainable storage, archiving of information and knowledge from the specific domains
is becoming increasingly important (Huet et al., 2007; Kratzer et al., 2011). One possibility to
represent specific domain knowledge are knowledge-based systems (KBS), which use digitally
processed expert knowledge and simulate the actions of an expert in going through a solution process
(Milton, 2008). Knowledge-based engineering systems (KBES), which are already increasingly used
in the design phase of the product development process and for product configuration (Plappert et al.,
2020), are considered a special form of a KBS because they have advanced data processing and CAD
support, so they support problem-solving through analysis and computation (Hirz et al., 2013;
Verhagen et al., 2012). In addition, a shift in the focus of design from the creation of a single solution
to a solution space or set of variants can be observed (Gembarski, 2020a).

Nevertheless, the complete solution space is usually represented by explicit domain knowledge, so that
it can be regarded as closed. This approach makes the programming extensive and the adaptation of
the system to new requirements is costly. For this reason, new approaches are being sought in research
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to automatically check an arbitrary design for its compatibility with the solution space and then adapt
the CAD design accordingly.

Multi-agent systems (MAS) and distributed artificial intelligence (Al) are assuming increasing
importance in this regard, as the geographical distance between development and manufacturing
increases (Li, 2007; Liu et al., 2004). On the one hand, as a decentralized Al, the MAS can be more
easily maintained and extended when changes occur since individual agents are considered separately
and these can be exchanged. On the other hand, e.g., manufacturing knowledge can be determined
locally and made available to the development department via agents. This can be done by using the
expertise of experts from different domains such as development, manufacturing, suppliers, and other
functional groups (Wetmore et al., 2010).

This paper is organized as follows: Section 2 presents the theoretical background and related work for
MAS and defines the research questions. The methodological approach and specification for MAS are
presented and applied to the architecture in Section 3. Then, in Section 4, the MAS is applied to the
application example of a gearbox housing. The application of MAS to the evaluation of milling
designs is discussed in Section 5 and summarized in Section 6.

2. Related Work and Theoretical Background

Agent-based technologies have their beginnings in the 1990s and are based on the paradigm of
distributed artificial intelligence and program agents (Dostatni et al., 2016). In general, an agent can
be assumed to be an autonomous, computational entity that perceives its environment through sensors
and acts on it through effectors (Weiss, 2000). They represent, e.g., humans or machines and act
autonomously within their boundaries, so that they serve as a work facilitator or aid for the user
(Eymann, 2003). According to Weyns (Weyns, 2010), agents have three services: the Perception
Service enables the sensing of the environment and representation of it, the Action Service coordinates
the operations of the agents, and the Communication Service manages the interactions among the
agents. Because conflict can arise when multiple stimuli are applied to the sensor for an agent's
perception, Brooks (Brooks, 1987) designed a subsumption architecture that assigns subfunctions to
the sensor, called behaviours. These act synchronously and terminate only if they are not interrupted
by the other behaviours.

A multi-agent system consists of many agents that typically interact with each other by exchanging
messages over a computer network infrastructure (Wooldridge, 2009). Characteristically, individual
agents have limited knowledge about the system and problem, and thus can only contribute partial
solutions (Eymann, 2003). For this reason, agents must cooperate and share knowledge when solving
problems to produce a valid solution.

Three research directions can be identified in the literature on MAS in product development (Plappert
et al.,, 2021). First, MAS can be built from agent-based functions, where CAD models can
autonomously adapt to new situations by representing agents as intelligent features (Fougeéres and
Ostrosi, 2018). Second, Chu et al. (Chu et al., 2009) discuss how a MAS can be used to support
decentralized engineering work, e.g., by enabling a geographically distributed group of users to work
synchronously and collaboratively on a 3D assembly over the Internet. Third, MAS are used as
assistance systems for design engineers to support them in decision-making for DfX (Design for
Excellence). This usually involves external intervention on the design, using different prior knowledge
and expertise to evaluate a design (Gembarski, 2020b). To directly support the designer in modeling
his design, MAS are increasingly used in combination with CAD systems (Dostatni et al., 2016).

A few research works have focused on assisting the designer in evaluating the manufacturability of
components using multi-agent systems. Feng (2005) identifies preliminary process planning in the
early stages of product development to evaluate manufacturability in terms of primary manufacturing
processes, selection of resources and equipment, and estimation of manufacturing costs. Medani and
Ratchev (2006) analyze a STEP AP224-compliant product data model using design and manufacturing
agents to perform rapid manufacturability of products in extended enterprises. Jia et al. (2004) and
Mahesh et al. (2007) developed a web-based multiagent system to support distributed digital
manufacturing. Here, manufacturability is evaluated and process planning and scheduling are
performed, among other tasks. Existing literature only indicates potential manufacturing conflicts to
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the designer, but it does not provide support for resolving the conflicts or resolving them
independently.

Modeling MAS frameworks can be divided into two approaches, either the MAS framework is built
for a specific area of interest or a holistic approach is taken (Palanca et al., 2020). Probably the most
widely used holistic MAS framework in the last two decades is JADE (Java Agent Development
Framework) (Bergenti et al., 2020), which is FIPA compliant and builds the network from agent
containers (Bellifemine et al., 2001). Among the newer representatives of MAS is the platform
SPADE 3.0 (Smart Python Agent Development Environment), which is programmed in Python and
uses open instant messaging protocols to enable distributed communication between humans, agents,
and third-party elements (Palanca et al., 2020). In addition, SPADE enables interaction between
agents by exchanging information through predefined agent and behaviour classes.

Based on the theoretical background and related work on MAS, a possible architecture for MAS to
evaluate CAD models using the platform SPADE will be investigated. The application area here is
product development and in particular the design of milled components. For this purpose, the
following research questions have been identified:

e How should a multi-agent system be designed to help the engineer evaluate milling designs
for manufacturability and automatically adjust the CAD model?

e How can an architecture for the evaluation of CAD models be built using the CommonKADS
method and SPADE as a MAS framework?

3. Multi-Agent System for Evaluation of Milling Designs

3.1. Methodological Approach and Specification

The MAS should overcome the hurdle of expert knowledge not being available centrally and the need
to adapt to new conditions, e.g., in production due to new machines or tools, by storing knowledge in a
decentralized manner and making it available to the engineer during the design process. To do this, the
MAS has to meet requirements such as the perception of 3D models or the identification, storage, and
processing of specific domain knowledge. Performing design reviews ensures that the product meets
the requirements and thus serves as a mechanism to control the design.

To be able to map these requirements for a MAS in a structured way, the CommonKADS method is
suitable, since it uses an approach to knowledge-based system development by capturing the most
important characteristics of the system and its environment through the setup of separate models
(lglesias et al., 1996). The CommonKADS methodology consists of six models (Fig. 1), which form
different units of abstraction levels (De Hoog et al., 1994; Kingston, 2001).

Knowledge
Model

/ (KM)
Organisation Task Design
Model Model Model
(om) W (Om)

/

Communication
Model
(CM)
Figure 1. Relations between CommonKADS models (According to De Hoog et al.,1994)

The Organization Model is a tool for analyzing the organization and identifying promising areas for
knowledge-based system applications. The Task Model describes the tasks, independent of an agent,
which are to be performed by the MAS. In the Agent Model, all relevant properties of agents are
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described to perform the tasks. The agent can be a human, computer software, or other entity, which
can perform the task. The exchange of information between the different agents is defined in the
Communication Model. It has to be ensured that the sender and receiver are identifiable and that a
control plan for transactions is developed. The Knowledge Model is the main focus of the
CommonKADS methodology and describes the problem-solving knowledge that is assigned to an
agent. Finally, the Design Model is developed, which combines the other models into a system and
thus serves to describe the architecture and the technical design.

In the context of this research, the context or scope for the organizational model is in product
development, particularly in the design phase of the product development process. The main task of
the MAS is the virtual design review, in which 3D models are checked for their manufacturability
based on standards and design guidelines. For this purpose, the main task is divided into subtasks and
assigned to different agents.

For the agents to work, they need information. On the one hand, the knowledge to deal with situations,
e.g., what can be manufactured with given tools. On the other hand, they need to know what the user
wants. But the most important information is that of the model because it has to be matched with the
external information. As part of this, the basic framework of the 3D model is examined, which
consists of points/nodes, edges, surfaces, and relationships. These come from the boundary
representation (B-Rep), which forms the geometric core of the CAD system. Feature recognition
looks at the model from different viewpoints and has to read and adopt the information accordingly
(Fougeéres and Ostrosi, 2018).

As the focus is on the evaluation of milling designs, the agents are provided with the specific domain
knowledge for this purpose. When engineering milling designs, it is important to ensure that the
design complies with standards and guidelines as well as that it can be manufactured with the
available resources (tools, machines, material). In addition, the design rules for drilling have to be
considered. The focus of the agents is on the machining of chamfers, radii, holes, slots, and steps.
Here, on the one hand, it is checked whether the part can be manufactured with the given tools and if
an optimization for tool selection is possible. On the other hand, design elements such as tool runouts,
chamfers, or radii are checked and, if necessary, adjusted directly in the CAD model.

In reality, the experts are in constant contact, they discuss and exchange information. This behaviour
is also aimed at the agents of the MAS. The agents must act independently and make decisions.
Therefore, communication represents one of the fundamental properties of an agent (Bussmann et al.,
2004). To ensure the structure and function of the system, not only the hierarchy of the individual
agents is important, but also their structure. Communication is the interface between the agents and the
user. The exchange of information can take place via a message-passing system or a shared-memory
blackboard system. The blackboard system operates over shared memory to which different agents
have access. The more commonly used message-passing system transmits information directly to the
receiver.

After applying the first five models of the CommonKADS methodology to the MAS use case for
evaluating milling designs, the next chapter discusses the design model and presents the architecture.

3.2. Architecture of the Multi-Agent System

The agents from the agent model have several interfaces to the environment, as can be seen in
Figure 2, to perform the tasks from the task model, e.g., direct contact with the user or access to
external knowledge repositories. At the same time, the architecture shows the organization of the
system in terms of knowledge sharing and represents the general structure of the MAS. The MAS for
design evaluation of milling designs is based on the MAS platform SPADE 3.0 developed by Palanca
et al. (Palanca et al., 2020). A major advantage of SPADE is that it is programmed in Python, as it
contains numerous artificial intelligence libraries and thus offers interesting extension possibilities for
the MAS. Furthermore, FIPA compliance ensures a standardized structure of the development
environment, which can be extended with additional FIPA-compliant agents. To enable the agents to
communicate, a messaging platform must first be set up. In this case, a Prosody XMPP (Extensible
Messaging and Presence Protocol) server, is set up on a virtual machine running the Ubuntu operating
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system. The XMPP server also provides an opportunity for the MAS to communicate directly with the
user via messengers, such as Spark or Pidgin, to have ambiguities resolved by the designer.

The modularity of the agent templates is exploited when building the MAS by programming the
resulting agents with them. They use different behaviour types depending on the function. Especially
the Cyclic-Behaviour is useful when several messages are sent one after the other. For example, with
user queries to approve changes. This is useful in a MAS for evaluating milling designs, which targets
changes due to design errors or problems in manufacturing.

CAD model MAS Framework
(Python / SPADE)

Agents

~

Perception Know- W Knowledge
ledge

Module Module [7——=% Base

Inference
Engine

Action
Module

Communi- E
cation
Module
J
() < — | Exce
u Messenger XMPP Server
* ()

Spark / Pidgin Prosody IM

Figure 2. The architecture of the Multi-Agent System and its Interfaces

For the evaluation of CAD models and decision support for designers, an interface to a CAD program
must be provided (Plappert et al., 2022). Autodesk Inventor Professional is used as the CAD program
since the B-Rep of the CAD model can be accessed via the API (Application Programming Interface).
Each agent is itself a knowledge-based system, so the required knowledge in the form of standards or
tool lists is stored as a relational database in Excel spreadsheets. Additionally, design guidelines are
used as rules and aggregated in the inference engine. On the one hand, the result of the evaluation is
documented within Python and saved as a text file, and on the other hand, the CAD model has been
adapted accordingly.

3.3. Program Sequence of the Multi-Agent System

The evaluation of designs contains individual work areas, which are divided among experts. Based on
this, the tasks are distributed to the agents according to the topic. For this purpose, the Feedback Agent
is responsible for collecting and then passing on the information to the user. The information from the
CAD model is read out and transferred by the Info Agent. The Chamfer/ Fillet Agent checks the
chamfers and radii of the 3D model. This information is used by the Design Agent to request features
from the user via XMPP messenger.

The Manufacturing Agent is available for planning the manufacturing steps. This runs through all
features in the feature tree in the CAD model and checks whether they can be combined into one
manufacturing step. These manufacturing steps are stored in an Action-ltem-List (AIL).

With this information about the machining and a tool list, the Tool Agent is responsible for selecting
the tools. For this purpose, the tool list is first read out and then the dimensions and surface
specifications of the cuts are compared with the tools. The possible tool with the largest diameter is
inserted into the AIL as the selected tool, and all others are appended as alternatives.
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The optimization of the tools is taken over by the Planning Agent. For this purpose, the different tools
in the AIL are counted and, depending on the number and possibility of use in the AIL, are used as the
selected tool, and the alternative tools are adjusted. Since certain cuts require a tool runout so that they
can be manufactured, the design agent checks this. Primarily, grooves are checked by examining the
cut for radii at the end of the tool path. The tool agent checks the tools of the changed machining steps
in the AIL and makes corrections if necessary. The AIL is then sent to the feedback agent.

The sequence of the MAS is shown in the form of a sequence diagram in Figure 3 for better
understanding and represents the tasks and relationships of the agents.

Multi-Agent Feedback- Info-Agent IChamfer/Fillet- Manufacturing-| Tool-Agent Planning- Design-Agent
System Agent Agent Agent Agent
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Figure 3. Sequence Diagram of the Multi-Agent System

4. Application Example

After reviewing the general form and function of the MAS architecture with the described interfaces,
the next step is to build a prototype for evaluating a CAD design for milling designs. As an application
example, the CAD model of a gearbox housing, which is completely machined on a milling machine,
is analyzed. For this purpose, it is compared with the applicable standards, and it is checked whether
the manufacturing is possible with the tools in the tool magazine of the machine. The tool list is stored
in an Excel spreadsheet and can be edited by the user so that if changes are made, they can be easily
updated or special tools for specific parts can be added.

In the following, the evaluation of the gearbox housing is carried out and the application of the MAS
is presented from the engineer's point of view. First, the engineer designs the gearbox housing with the
relevant functional surfaces and then starts the MAS. When the MAS starts it opens Inventor and loads
the transferred model. After collecting metadata from the CAD model, the model is checked for radii
and chamfers.

The user is also involved in this detection, as it is necessary to check whether these have been inserted
for purely aesthetic reasons or if they are relevant for the function of the part. The communication to
the user is done by highlighting the feature in the CAD program and by a query in the XMPP
messenger. So, the agent communicates via a chat client with the user and continues the execution
depending on his or her answers. If the features were only inserted for aesthetic reasons, they are
suppressed in the CAD model and disregarded for further evaluation.

After the model has been prepared for the manufacturability evaluation, the next step is to define the
machining steps using the feature tree. To do this, a list of machining steps is first created and the
necessary milling tool position and machining direction are added. Then the possible tools for the
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individual cuts are added, depending on dimensions and surface specifications. This table forms the
first section of the Action-Item-List (AIL), as shown in Figure 4.

Title: Evaluation of Gearbox Housing
Autor: Christian Becker
Part Number: Gear Housing
Material: Aluminium 60861
ATL:
ID Feature Tool pesition Toel direction Alt. operations
1 ['Extrusion2’, *Fillet4'] Vertical Cutting +Z [*No Alternative']
2 ['Holel'] Vertical Drilling +Y [['Vertical Cutting", "+Y']]
3 ['Extrusion3', °"Fillet5'] Horizontal Cutting -X [*No Alternative']
4 ['Hole2'] Horizontal Drilling +X [['Horizontal Cutting’, *+X']]
5 ['Hole3'] Horizontal Cutting +X [['Horizontal Drilling’, *+X']]
6 ['Extrusiond’, "Fillet6'] Horizontal Cutting +Y ["No Alternative']
7 ['Holed'] Horizontal Drilling +Z [['Horizontal Cutting®, "+Z']]
8 ['Hole5'] Horizontal Cutting +Z [['Horizontal Cutting’, *+Z°]]
9 ['Holebt'] Horizontal Drilling -Z [['Horizontal Cutting®, *-Z']]
ID Used tocl Alt. tool Design Change
1 Shank_RF_ 28 ['Mk 28°, 'Shank _R_28', 'Shank_R_15', 'Shank_RF_15°, ‘Mk 10°, Added "Fillet4" for tool runout
‘Shank RF 10', ‘Shank RF 5]

2 Shank_RF_5 'Drill_8"] None
3 Shank _RF_286 ['Mk 28°, ‘Shank_F _28', 'Shank R_28°', ‘Shank_F_15', ‘Shank_R_15°, Added "Fillet5" for tool runout
‘Shank_RF_15", *Mk 1@', ‘Shank_RF_1@', ‘Shank_RF_5']

4 Drill 3.3 ['Ne Alternative®] None
5 Shank_RF_2@ ['Shank_R_2@', 'Shank_F_15", ‘Shank_R_15", *Shank_RF_15", None
‘Shank_RF_10', *Shank_F_20"]
6 Shank_RF_2@ ['Shank_F_20°, 'Shank_R_20'] Added "Fillet6" for tool runout
7 Drill 3.3 ['No Alternative®] None
8 Shank_RF_2@ ['Shank_F_15", 'Shank_RF_15", *Shank_RF_18', 'Shank_F_28'] None
9 Drill 5 ['No Alternative®] None

The MAS needs 213.2741187948674s.
Figure 4. Action-ltem-List for the Design as Output in a Console

As soon as the machining steps have been defined, the tools that can be used for this machining are
checked. In addition, optimization is carried out to reduce the number of tools, so that the tool change
can be minimized, which in turn leads to time savings in production. Finally, the model is checked for
missing tool runouts, which are inserted directly into the CAD model. In addition, the AIL is extended
so that the tools used are expanded in the lower part and the changes in the design are documented.

Figure 5. Gearbox Housing before (a) and after (b) the Evaluation of the Design by the MAS

For the application example of the gearbox housing, the review by the MAS revealed the following
possibilities for improvement. The front chamfer and the rear rounded edges were removed, after
consultation with the designer, as they were only inserted for aesthetic reasons. The missing radii were
added to the pocket on the front left side. In addition, the tool outlets on the top and the right front side
were also added. To ensure that the pockets could be produced with the same milling tool, the sizes of
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the radii were matched. The MAS also detects that the rear hole in the upper pocket is placed too close
to the pocket wall. The designer is then asked whether the pocket should be extended to the rear and
the CAD model is adjusted accordingly. To optimize the machining time of the gearbox housing, the
surfaces are either roughed or finished, depending on their surface specification. Figure 5 shows the
gearbox housing before (Fig. 5a) and after (Fig. 5b) machining, in which the added surfaces are
highlighted.

5. Discussion

The CommonKADS method provides a good structure for the development of MAS in product
development and helps to divide tasks among different agents for checking the CAD models. Dividing
the models into agents, communication, and knowledge ensures that all areas are considered at an
early stage. Defining the form of communication and the division of tasks between agents, as well as
the data structure for the knowledge to be stored, is critical to the robust functioning of the MAS.
Once the specification and planning of the MAS has been completed, the MAS can be programmed
and the required infrastructure implemented. The MAS framework SPADE was used for the
implementation, as it can utilize numerous algorithms programmed in Python, especially the Al
libraries, and the communication via the open messaging protocol XMPP offers the possibility to
integrate further agents, humans, and even third-party tools.

In comparison to related literature, the focus was placed on the embodiment design phase, in which a
design close to manufacturing is available, so that, for example, the radii for tool runouts are
considered. In addition, an attempt was made to read as much information from the CAD model
directly, so that only questions about function or context need to be asked by the user. It is also worth
mentioning that the MAS presented here makes changes to the CAD model independently, whereas
existing work only formulates suggested changes.

At this moment, the system can evaluate features such as holes, chamfers, fillets, pockets, slots, and
bosses. However, the system does not yet recognize extrusions where several features are blended, so
the system can only check parts that have been created completely from the raw part. Another
difficulty is the evaluation of free-form surfaces since the traverse path of the tool or machine also has
to be considered here. Furthermore, the MAS is not able to adapt the model in case of missing tools or
to submit a proposal to extend the tool list. A priority list for tools would also be conceivable. To
make the system even more efficient, one possibility would be to review multiple parts synchronously.
About virtual design reviews, the existing system so far covers only a part, since on the one hand the
specific product requirements have not yet been implemented and on the other hand only formalized
expert knowledge is used for evaluation.

6. Conclusion and Further Research

In this paper, a MAS for the evaluation of milling designs was presented. Here, the CommonKADS
method was used, and architecture was developed consisting of the CAD program Autodesk Inventor,
the MAS framework SPADE, and a communication server. A gearbox housing served as an
application example, which was checked against design guidelines, standards, and tool lists.
Subsequently, the model was divided into machining steps and a possible tool was assigned to each
step and checked about design errors, e.g., tool runouts, and the CAD model has adjusted accordingly.
It could be shown that MAS can be a promising tool to represent expert knowledge decentrally in the
form of agents and that it is easy to maintain and extend due to its modular structure.

The presented MAS offers a first step for the evaluation of CAD designs about virtual design reviews
or the digitization of the 4-eyes principle. In addition, the system can be used to simplify and digitize
the approval process by allowing the reviewer to use the Action-ltem-List for review. Compared to
manual checking, this can save time as the system automatically reads out the machining steps, checks
the manufacturability by the tools, and automatically adjusts the CAD model. An extension of the
system is easily possible and is simplified by the templates for the agents. Furthermore, a check of the
design about the available machine tools is possible by analyzing the part with different stored tool
lists, so that an automatic adaptation of the design in case of a short-term change to another machine
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tool is possible without much effort. About the machine tools, it is also interesting whether the
required form and position tolerances of the workpiece can be produced on these. Furthermore, a
conceivable extension would be the use of an artificial neural network through which CAD models
can be clustered (Mdiller et al., 2020), e.g., whether the part is turned or milled, and accordingly, the
agents are assigned for detailed evaluation.

For further research, the focus will be on representing virtual design reviews with MAS. For this
purpose, requirements need to be operationalized so that they can be used by the system and to
evaluate the product's fulfillment of these requirements. Furthermore, the system can be extended by
using coordination, collaboration, and negotiation techniques to reach a common solution based on the
different perspectives between the agents and their knowledge. Since these processes are very
knowledge-intensive, there is an increasing search for ways to provide agents with learning
capabilities, such as case-based reasoning, where agents draw on experience in a case base and apply
this knowledge to a new problem. In addition, reasoning can be done in the presence of uncertainty by
using Bayesian decision networks, where the knowledge representation is given by conditional
probabilities.
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